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SUMMARY

An application of a simple numerical technique which allows for the
rapid construction of orthogonal coordinate systems about axisymmetric blunt
bodies is presented. This technique can generate orthogonal meshes which have
unequally spaced points in two directions. Relations are given for the numer-
ical generation of the metric coefficients.

Body shapes ranging from simple analytical bodies to complex reverse cur-
vature bodies are presented together with their orthogonal coordinate systems.
The relatively good accuracy of the technique is shown in tabular data describ-
ing coordinate line slopes and metric coefficients. The "predictor-corrector"
numerical method used to generate these results is both simple in concept and
easy to program, so that the application of the technique should be broader
than the results presented.

INTRODUCTION

The introduction of high-speed computers with extensive memory capabilities
has greatly enhanced the feasibility of solving the full Navier-Stokes equations
for fluid flow over complex geometric shapes. One of the primary problems hin-
dering the development of computational fluid dynamics for complex geometries
has been the difficulty of generating the finite-difference mesh. A great deal
of effort has been expended to develop coordinate transformations and/or mesh
generators for varying degrees of geometric complexity. (See refs. 1 to 14.)
These techniques range from the very simple, as in reference 1, to the mathemat-
ically elegant, as in reference 14. However, for flow over blunt entry bodies,
it is imperative that the boundary conditions on the body be represented as
accurately as possible by the finite-difference approximations to the Navier-
Stokes equations, because the regions adjacent to solid surfaces generally domi-
nate the character of the remaining flow field. The viscous shear stress forces
on solid bodies depend directly on the large gradients (in the direction normal
to the solid surface). Accurate skin-friction coefficients require that these
large gradients be resolved accurately. Therefore, almost all numerical solu-
tions to the Navier-Stokes equations to date have used body geometries condu-
cive to use with natural or nearly orthogonal coordinate systems.

In the natural coordinate system, the body surface itself forms one bound-
ary. That is, the body contour coincides with a constant coordinate line. Some
simple examples of this approach are a cylindrical coordinate system to describe
flow over a cylinder, a spherical coordinate system to describe flow over a
sphere, and a parabolic coordinate system to describe the flow over a paraboloi-
dal body. In each of these coordinate systems, the normal coordinates intersect
the body orthogonally, thus simplifying the boundary conditions. There is lit-
tle difficulty in compressing the mesh near the body because the computational
mesh system is composed of lines parallel to the body which can be concentrated
as close to the body as desired. There is, however, one rather severe restric-



tion on the natural coordinate system; that is, the body must have an analytic
shape. Unfortunately, most realistic entry bodies bear little resemblance to
the limited number of natural coordinate systems available.

Another option is similar to the natural coordinate system in that the
body surface becomes one coordinate line in the system. This is called the
body-oriented coordinate system. 1In this system the coordinates of a point are
determined by the distance along a body surface measured from the axis of sym-
metry and the distance along a normal to the body. This type of system has
been used to describe the flow over the .forebody portions of blunt entry bodies.
(See refs. 15 to 17 for examples.) The major problem with this system is that
any discontinuity in slope on the body makes it impossible to describe the com-
plete flow field. The body-oriented system, therefore, cannot handle the body
shape with a concavity produced by heat-shield ablation in a severe heating
environment.

Conformal mapping gives a well-developed and accurate alternate method
of generating orthogonal coordinate systems for complicated geometric shapes.
Reference 14 provides a recent look at some of the latest and most sophisticated
techniques. Conformal mapping methods, however, are mathematically complicated
and require multiple transformation steps leading to a loss of physical reality
in the computational plane. Such complications make finite-difference mesh
setups difficult.

Reference 12 presents a nearly orthogonal coordinate generator, somewhat
similar to conformal mapping in concept, which has been used in two-dimensional
and axisymmetric calculations; however, the technique is not easily applied
and requires a great deal of user familiarity to execute successfully. One
relatively easy analytic technique (ref. 10) has produced excellent results
(ref. 18), but the technique is limited by the necessity of specifying the
body shape by an analytical trigonometric series.

This paper presents a more general orthogonal coordinate system which can
represent a wide range of body geometries. This technique is based on the
rather simple but accurate numerical method developed in reference 19. The
body can be represented by a series of discrete (but continuous) points rather
than by an analytical approximation. In the transformed computational plane,
the region of interest is rectangular, with the body surface being a coordinate
line. This representation combines the advantages of the natural coordinate
system and the generalized orthogonal coordinate system. In addition, generat-
ing the coordinates in the physical plane simplifies the finite-difference mesh
setup.

SYMBOLS
hy,hy,h3 metric coefficients for transformed coordinates
hj, metric coefficient

i tangential direction index



J total number of mesh points in normal direction

j normal direction index

Ke unequal spacing parameter

N unequal spacing coordinate parameter

r; local distance between body surface and outer boundary
ro radius of outer circular boundary

Lg radius of body surface from its geometric center

u1,u2,u3 generalized transformed coordinates

x1,x2,x3 generalized coordinates

X,Y,2 Cartesian coordinates

n,&,o transformed orthogonal coordinates
0 internal body angle

%o outer circular boundary angle

04 local angle for r;

p local radius from axis of syﬁmetry
Subscripts:

o outer boundary related quantities
s body surface quantities

DESCRIPTION OF METHOD

For the mesh generation about an axisymmetric body, the origin of the
X,y coordinate system is taken as the approximate center of the body. Once the
body is described in terms of X,y points, then the surface distance & can
be calculated in a generalized manner by defining & as 0 on the -y ordinate
(see fig. 1) and © as increasing positively in the & direction. Then §
is given by

0 drg\? 172
£E(0) = y rg? + | — ae
0



where

1/2
s = (xsz + YSZ) /

0 = sin~] (xg/rg)

Once & 1is defined, the next step is to construct N level lines between
the body and a suitable outer boundary. As pointed out in reference 11, a
circular outer boundary simplifies the specification of the outer boundary
conditions for fluid dynamic calculations. Most of the examples presented
in this paper use a circular outer boundary. However, the outer boundary
may be specified as any reasonable shape; and for those cases where only a
partial field is to be described, one can use a discrete shock wave as the
outer boundary. The circular boundary can be easily specified by a polar
coordinate system where

»
I

= ro cos 0,

= ro sin 95

<
|

In this system, r, is the radius of the outer boundary and 6, is usually
taken in equal increments around the outer boundary. On the outer boundary,

N =1 while on the body N = 0. The level lines between the boundary and the
body can be constructed along straight lines connecting corresponding points

on the body and circular boundary. Note that the mesh points on the outer cir-
cular boundary are not the final mesh points, but initial values used only to
set up the level lines. The spacing of the level lines can be unequal and the
unequal spacing relation of reference 20 can be easily applied:

KCNJ'/AN -1

Ne = ——————
J
kAN _

where Ny = (j - 1)AN and N3y =1, with AN =1/(J - 1) and K, being the
spacing parameter (generally 1 < Ko < 2). The larger the spacing parameter
Ko, the more unequal the spacing. From the above relation, the level lines
between all corresponding points on the body and circular boundary can be
calculated. The relationships for the corresponding values of X,y can be
obtained (see fig. 2 geometrical schematic) from

1/2
_ 2 2
ry1,i = [(xn=1 - Xn:o)i + (Yyn=1 - yn=0)i



Xj,§ = ¥j,n=0 + (Nyr;, i) cos e1)
Yi,j = Yi,n=0 *+ (Njry, i) sin (8q)
where

8, = sin~! DYﬁ:] - Yn=0)/r2,i]

Figure 3 shows the level lines constructed in this manner for an ellipse with
Ke = 1.01, which gives nearly equal spacing.

Once the level lines have been determined, the normal lines are con-
structed so that an orthogonal system is defined. The approach to the con-
struction of the normal lines is the one given in reference 18 which uses a
simple "predictor-corrector" technique analogous to the trapezoidal integration
technique of numerical integration. In this technique, the solution is first
predicted from the level line at a known point by using the Euler method. Once
the predicted point on the next level line is obtained, then the slope at that
point is calculated and a new predicted point is obtained from this slope. The
actual solution is then a combination of these two solutions; i.e., the final
X and y values are an average of the predicted and corrected values. This
procedure is illustrated in figure 4. The solution then proceeds point by
point along a level line until all normals on that level have been constructed.
Then the solution proceeds to the next level and the process is continued until
the outer boundary is reached.

EXAMPLES OF COMPUTED COORDINATE SYSTEMS

Figures 5 to 7 show examples of the orthogonal coordinate systems con-
structed about three ellipses with increasing degrees of ellipticity. These
solutions are for equal spacing both in the & and n directions. Notice
the divergence of the coordinate lines in the regions of large curvature.
This effect of curvature can be easily remedied through unequal spacing in
the & direction as shown in figures.8 and 9. 1If unequal spacing is used
in the n direction also, then a smoothly varying coordinate system with no
region of rapid divergence of the coordinate lines results. (See fig. 10.)

A somewhat more realistic body is presented in figure 11. This body rep-
resents a typical planetary entry shape, and the coordinate system produced is
quite good even though very little unequal spacing is used in the & direc-
tion. Figure 12 shows the same body, but with unequal (Ko = 1.08) spacing in
the n direction. Again, as in figure 10, the results are quite good.

To demonstrate the use of the coordinate generator on bodies with reverse
curvature, the body shown in figure 13 was arbitrarily chosen. The reverse
curvature poses no special problem; however, the normal coordinate lines tend



to converge. The effect is highly unequal spacing in the regions far from the

body. The amount of reverse curvature here is relatively small; nevertheless,

problems will probably occur on deeper cavity shapes. Figure 14 shows the same
body with unequal (Ko = 1.08) spacing in the n direction.

A natural compression of TN 1lines occurs when the geometric center of the
outer boundary is displaced in relation to the geometric center of the body, as
shown in figures 15 and 16. For supersonic blunt body flows, the shifting of
the outer boundary is highly desirable, since the shock wave is close to the
body in the forward region and a compression of coordinate lines is necessary.
The stretching of the level lines in the base is not detrimental, since the nor-
mal gradients in this region are not as strong as on the forebody.

All the above cases were run with 31 n 1level lines and 100 £ normal
lines giving 3000 points for the present analysis. Run times on the CYBER 175
computer averaged approximately 5 seconds, including compilation. On more com-
plicated geometries, more points may be necessary. For cases where there is a
symmetry plane in the field, only half as many points need to be used.

In addition to the whole body solutions given above, the coordinate genera-
tor can be used on partial bodies such as the forebody region on a blunt body.
Figures 17 and 18 give solutions for partial bodies, with a representation of an
ablated entry body with reverse curvature in the stagnation region shown in fig-
ure 18. This technique is sufficiently fast to make its use with an interactive
graphics terminal both feasible and desirable.

COORDINATE METRICS

Since the intended use of the orthogonal coordinates generated using the
present technique is for axisymmetric bodies, the following coordinate system
(see fig. 19) will be used to generate the metrics, where the nomenclature fol-
lows that of reference 21:

! =7 x! = p cos
w2 =g x2 = p sin ¢
ud = ¢ x3 =z

where 0 =p(£,nN); 2z = z(E,n) and the metric coefficients are given by



For an ofthogonal system, the metric coefficients

hi,2, hz,1, hy,3, h3,1, hp, 3, h3,2

all have to be zero, leaving only the three familiar coefficients hy,hp,h3,
which are

When the derivatives in the metric coefficient relation are taken, the following
metric coefficient expressions are obtained:

G

hy,1 =

N 3p 3p dz 9z
= T e e o ——
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With the choice of the present coordinate system, two of the three necessary
orthogonality conditions are identically satisfied, leaving only the h1,2
coefficient to be evaluated numerically to determine the accuracy of the orthog-
onal coordinate generator. Table I presents results for the metric coefficients
evaluated with second-order accurate derivative relations. Generally, h1,2 is
relatively small compared with the other coefficients in spite of being a pro-
duct of derivatives which amplifies errors. One has reasonable justification
for ignoring the hj 2 coefficient and assuming orthogonality; thus only the
three coefficients M, 7, h2 2, and h3 3 are left. Orthogonality is also



indicated by comparison of the slopes of the level and normal lines at their
intersection. Table II gives some typical results which indicate that the
normal-line construction procedure does, in fact, give reasonably good results.

To test the effect of mesh size on the metric coefficients, a 1.5:1 ellipse
was chosen with equal spacing along and normal to the body. The h1’1 metric
coefficient on the body surface is given in table III for a range of mesh sizes.
Because of symmetry, only the results for the first quadrant are presented. As
expected, the results show that the metric coefficient does vary with mesh size;
however, for the range of mesh points chosen, the variation is relatively small.

The only significant drawback to the numerical coordinate generator scheme
is that the metric coefficients also must be numerically generated and thus
stored at every point for future use. Since the metric values must be stored
at each point, some computer storage limitations could result for very large or
complex geometries.

CONCLUDING REMARKS

The results of the application of a simple "predictor-corrector" numeri-
cal technique which allowed rapid construction of orthogonal coordinate sys-
tems about axisymmetric blunt bodies have been shown. This technique generated
orthogonal meshes which have unequally spaced points in two directions. The
technique is general enough to allow for coordinate generation about bodies
ranging from simple analytic shapes to more complex bodies with reverse cur-
vature. The relatively good accuracy of the technique was demonstrated through
the tabular data presented on coordinate line slopes and metric coefficients.

The predictor-corrector numerical technique used to generate results given
in this paper is both simple in concept and easy to program, so that the use of
the method should be broader than the limited application presented here. 1In
fact, the method should lend itself to use with interactive graphic systems.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

September 17, 1979
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TABLE I.- METRIC COEFFICIENTS

(a) Ellipse; & = 1.34
n hy 1 h,2 h2,2 h3, 3
. Wa29TU3E+02 | =,52567E«02 «99942E+00 o 7T92B8BE+ 00
1 2874BE=0] o J130UE+02 | w,3TTURE®(R s10479E+01 J10957E+0}
«STTBUE=O] «32516E+02 w U453URE=(Q «J10B5E+0} J1U575E+01
2 87110Ee0} e 33369E+02 | »,31052E=0 Ws11B10E+0Y J1BTBYE+U]
«11673E400 23U036E+02 | =,19122E=02 2 12637E+01) 123620E+0Y
¢1066UE400 | ,34531E402 | »,77245Ew03 s 13567E+01 «29078E+01
+17686E+00 o 3U921E+02 | w,12BUUEwCR W 1U0601E+0L «35175E+01
«20738E+00 e 352356402 | ®,4SSBIE=0DY o 15733E+01 W41923E+01
«23820E¢00 «35U6BESVR 2840T7E=02 W 16962E+01 W4933H4ELV]
W 26933E+00 «356UBE+02 W23547Ew0Q2 «1B29BE+01 WSTULBESUY
«30077E400 «35785E+02 «28811Ew02 + 19744E+01 «66185E401
2 33252E+00 «3SBBTE+0VR s 30191E=02 «21301E+401 s 1S6UTE+0UY
2 3646GE400 2« 35901E4+02 W31352Ee02 22978E4V] LJUSB1SE+01
«39699E+00 «30013E402 326U2E02 J2UTTBE+0] W96698E+0}
cU29T71E4 00 «JR0UBE+0R W 33919E=02 +2B70TE+V 10831E¢02
W46276E400 «36U62E+02 s 35182Em02 1 28771E+401 «120060E¢+02
JU9613E+00 Y Y Y X « 36504E=02 v 30976E+0L s 13375E+02
«52984E+00 2 J60SBE+02 «37923E=02 +33329E+01 ,14761E+02
«S6389E+00 W 30041E+02 «39Ub0E=U2 2 35BIUE+0L 16224E+02
«DIBR2TE+UO 0 3601ISE+02 ‘wU1149E=02 » 38S00E+01 W17765E402
W63300E+00 «35983E+02 JUZ03UE=02 W41333E+401 «19385E+02
«66B0BE+00O «35944E+02 JU5077E=02 WH44339E+01 «210RSE+02
«70351E+00 +35900E+02 dU4T7217E=02 W4T7526E401 ,2286TE+UR
e 73930E+00 +3I5B51E+02 255278E=02 «SOB9YE+01 2UTILIE+LR
e T7S4UE+0D ¢« 35T9BE+U2 «STUUOEROD 2 S4U6IE+0Q 2H679E+02
«B119UE+0O «3STUIESN2 25951 1Em02 1 S8229E+01 «28T711E+02
LBUBBLIE+00 2 35681E402 WH1USUEmOR2 2 62204E+01 »30829E+02
+BBH604E+00 «35618E+02 «6321VEm02 W56397E+01 «33034E+02
W 9236SE400 +35553E+02 WH1BOUEmO2 oTOBLOE+0L | ,35326E+02
W 96164E+00 «ISUBSE+02 | w,24348E=0? W 1SUTGE+UY W 37708E402
«10000E+01} «3S541SE+0R JU3IG29E=02 «B0O3T9E+0]) JU0179E402
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TABLE I.- Continued

(b) Ellipse; & = 3.72
n hy 4 hy,2 ha,2 h3 3
0, W 13730E+02 ©,23259E=0? W 1001SE+0) «11855E+00
W287UBE=01 J14603E+02 -, 98417E«02 W 12334E+01 1BOUUELOD
W S57784E=0] 157836402 “,15050Ew0} W 1USS1E+0] «25924E+00
LBT110E=UY J16989E+02 =, 17574E=0] 2 16732E401 «3S644E+00
,11673E400 L18103E+02 ", 17135Ew01 +18931E+01 JUT264E400
L 1UBbUESOU W19166E+02 -, 187USE=0Y W2117BE+01 +00841E+00
W 176B6E+00 J20099E+02 «,1B999E=01 +23UBBE+O1 «T6396E4+00
W20738E4+00 J20BY0VE+02 w,21U69E=01 W25B91E+01 J9389TE+00
W 23B820E+00 W21579E+02 »,22150Em=0} 2 28395E+01 11332E+01
W 26933E4+00 «22157E+02 =, 22RB6E=D] W31017E+01 W13461E+01
+30077E+00 W 22661E+02 w,261U41E=0] W33767E+01 J1S771E+01
«33252E400 .23061E402 =, 2561UE=0} 2 36654E+01 W 18256E+01
W36U460E+00 «2336S5E+02 »,25999Em=01 « 5968BE+01 «20907E+04
«39699E400 23626E402 =, 27222E=01 «82876E+01 «2372VE+01
WJU2971E400 «23832E402 ®,30534E=0) W46227E+0) W266RLE$0]
(46276E+00 . 23993E+02 «,31279E=01 JU9TI6E401L +29800E+01
W49613E400 2U116E+02 v 32475E=01 +S3U13E+01 «33055E+01
«S298BUE+00 L2U206E+02 =y 33566E=01 W S7260E+01 J36UUSE+U]
S56389E400 2U26BE+02 »,3U621E=0] W61281E401 +3996UE+0Y
+S9B27E+00 L2U30TE+02 »,35640Em0] JOSUTIE+0] JU3ISGBESO]
2 63300E400 J2U326E402 w,36626Ew0] WB9857E+01 JUT3ISIE+UY
L 6680BE+00 J2UI2RE+02 v,37578E=01 W TUULEEHUY S1214E+0
«70351E400 2U316E402 «,3BU9UE=Q] ¢ T79159E+01 +55180E+01
s 73930E+00 J2U291E402 v, 39375E=(] +BUOBTE+0Y 2 592USE+01
WTTSUAESOD J2U256E+02 =, 4021BEw0] LB9204E401 «O3U02E+UY
81194k +00 2 2U213E402 -, U1022Ew=0} »94511E+01 WOTHUTESOY
LBUBBLIESUQ W2U162E402 »,U41786E=01 +10001E+02 «TI9T4E+0Y
BBOOUE SOV J2ULOUES02 ", 42508Ew0] +10570E+02 «T637BE+0Y
2 92365E400 c2UDURESDR =, U3188E=0] w11158BE¢02 «80BSSE+0
W 96164E400 223975E+02 »,43823E=01 W11767E+02 +85399E+01
L.10000E+01 .23904E+02 - HUU19EmOY «12395E+02 .90007E+0}
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TABLE I.- Continued

(c) Sphere; & = 0.823
n hy 4 hy,2 hy, 2 h3,3
0., «BOGURE+0Y «26519E=02 0 99971E+00 WBO26HEFVO
+2BTUBE=D] «B0N0TESUY +29355E=02 W11T17E+0) +SU0BSE+UO
WSTT84E=( WBOOOUE+OL «32236E=02 v 13592E401 C62604E+00
WBT110Ew0] WBOO0UEOY 2 35155E=02 +15626E401) W 71839E+00
2116738400 «BO0DOSE+01 «38108E=02 W 17824E+01 81810E+00
L14664E4+00 +BODOSE+01 LU1094Em02 v20189E401 « 9253BE+00
W 1T6B6E+00 «B000SE+01 WUU111E=02 222727E+01 s 10U04ESDY
W20738E400 WBOGOSE«DN] WU7156E=02 2 254U3E+01 s 1163HE+UY
v 23820E+00 2 80006E+01 ¢ 50231E=02 W 28340E+01 1294TE+UY
126933E400 | ,80006E+01 «53332Ee02 [ ,31425E+01 o 14343E+0Y
«30077E+00 +B0006E+01 +56461E=02 «3UT01E+01 »15826E+01
«33252E400 LB0006E+01 «59616E=02 0 38174E+01 o 17398E+01
L 36460E+00 »B0006E+01 Wh279TE=02 WU1850E+01 «19061E+01
,39699E+00 WB80006E+01 «66005E=02 sUST733E+01 2081TE+U]
LU2971E+00 «BOO0BE+DY «69238E=02 +HUOB3IO0E+OY «22669E+0}
+U62THEX00 +BODOGE+O1L «72U97E=02 ¢SU145E+01 2 CUBRVE0Y
LU9613E+00 «BOO0GE+UY 275781E=02 + SBOBSE+0L W CH6TRESOY
252984E+00 «B0006E+01 ,79092E=02 W O3USHE+OL 1288208E+01
+563B9E+00 WBO0VGE+0! W 82U2BE=02 sOBUALE+OL 2 31091E+0Y
,59827E4+00 «BO0VUBE+OL «85790E=02 2« 7T3709E+01 2 33462E+0Y
,63300E+00 +80006E+01 +89178E=02 2 79207E+01 » 35946E+0Y
H6B0BE+00 «80007E+01 «92592E=02 +BUGSIE+Q] » 3JBSUUE4DY
»70351E+00 2BO0VOTE+01 +96032E=02 2 90973E+01 WU41261E+0}
+73930E400 «BUVOTEHUY »99U99E=02 | ,97255E+01 W 4U09IELVY
o TTS4UUESO0 «B0VOTE+01 2 10299E=01 o JU3BLE+02 «47060E+0}
L,B1194E+00 +B0007E+01 W 10651Ee0 2 11065E+02 0 50149E401
JBUBBLIE$00 WBO00OTE+01 v11006E=01 W11778E¢02 +53368E+0]
LBBOOUE+00O «B000TE+01 2 11363E=01 2 12521E+02 «56721E+0Y
+92365E+00 +B80007E+01 +11723Ee01 e 13294E+02 s60211E401
«96164E+00 BONGTESOY +12086E=01 «14UQBE+02 »63841E+0Y
10000401 28000TE+0Y 2 12452E=01 W 14934E+0R «67616E+01
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TABLE I.- Continued

(d) Sphere; & = 2.07
n hy 3 hy,2 ha,2 h3 3
0, «80018SE+04 :
T28748Ew01 | .BO0ISE+01 Tl e | iraaerls +B1403E +00
 57784E01 *B001SES01 -.33281E-02 0 11B4TE+01 W 9521TE+00
"1 1673E400 "80015E401 -.46825E-02 2 16075E+01 W 12658E+0})
s JUBBUESVO +BUO1ISE+0D] .'sxabbe.oa +18461E401 P14420E+01
"17686E400 | «BOOISE#01 | w.60041E=02 t oot 11031084018
e 20738E+00 280018E+01 ..55550E-oz 123799401 118350840
23820E+00 «B0015E+01 -.730315.02 126760E01 120524401
e 206933E+00 «80015E+01 ..794505.02 123%28E+07 +22845E+01
2 30077E¢00 +B80015E+01 ..355535-02 1332918401 $25310E401
«33252E400 «B0015E+01 ..qzzgug.og « 36870E+01 «27930E401
S 36UBO0E400 "80015E401 -.985055-02 21406606E+0 ¢« 307106E+04
24R971E+00 «BUOL4E+VY .'111135.0 s aB9BuE 236760 +01
«U62TEE+00 «80014E+V] -'11739E-01 133408401 2400418401
sU49613E400 +BO014E+OL -.123635-01 o 581208401 P 43093E+UL
2 52984E4+00 «B0014E+OL -.12985E-01 1630808+ 01 471248401
«59827E+00 »BO014E+01 ..1a223g.01 W 73750E 401 PSU9UlELUL
.633005*00 .BOOIUE#Ol '.1“339E-0, o T9UHB2E+O] .5913§E"01
"0680BE+00 | oBOUIUE+0) | =,15454E=01 P85478E+01 | ,63534E401
«T03S1E#00 «BOOLUE+UL -.16067E-01 oTdE 168132E 401
o T3930E+00 JB0014E+O1 -.16679E-0 +78301E+01 $72941€401
7 7S4LE 00 "B0014E+01 -'17aeqe-o: W 10514E+02 o 17963E40}
WB1194E+00 \B0014E+01 | w.17898E=01 o11228€+02 «83209€ 401
+B4BBLE+00 «BO0YUE+O] .'iesoss.o1 o119726+02 »8Be7RELVL
+BB60UES00 «80014E+01 -'191115-01 r12TU0ELVE PJ4373E401
' 92365E400 " B0014E+0S -'19715E-01 «13553E+02 «10031E+02
1 9616UE40V «B0014E+01 .:203175.01 .igng‘é:gs .1060?5#02
10000E+0 ) 1291E+0
. +01 +80014E+01 ®,20918E=01 J16170E+02 :119595+0§
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TABLE I.- Continued

(e) Blunt body; & = 0.791
n h 1 hy,2 hz,2 h3,3
0, J98722E+01 «26070E=03 «BBOO7E+00 JUU0BLE4OY
287UBE=01 JIBBTOE+UL 023573k=03 2 91666E+00 A T-EI L
«ST784EmU 0 98962E+0 Y 2 18683E=03 0 95728E+00 e SU9YYE+O]
WB7110EaUY «99009E+01. «15985E=03 «10018E401 «SUESBE+UY
s 11673E400 W 99021E+01 J1U18SE=03 o 10S01E+0} S8SSTE+0}
d1UBOUE+UD W 9G006E+DY o 13135E=03 o 11022E+01 2626U9E+0
s 1768B6E400 «9BOKTEHOY o 1273UEm03 v 11581E+01 «b6GULESDY
e 20738E400 +IB910E+UY 212903E=03 «12177E401 «TI43TE+0Y
W23820E400 «98837E+01 +13578E«03 +12812E+01 s TOLU3E+0Y
«26933E+00 JIB7S1E+01 W 1UT0UE=03 « 134B5E+01 «81065E+01
¢30077E400 LOBLSSE+01 e 16228Em03 W 14198E401 ,B86207E+01
e 33252E400 2 98549E+01 e 18094E=03 «J4951E+01 e 915706E+0U1
¢ 36U6UE400 JIBUIBE+U ] L 2024SE=03 W 15745E+01 W9T179E+0}
e 39699E+0¢ «V8315E+0Y +22620E=03 «16580E+01 s10302E+02
WH29TIE+OO «9818GE¢0Y «25UB6E=D] s 17458E+01 «JU911E+UR
462768 +00 c9B0SBE+(1 o 2BUSEE=D] «18379E+0} «115U5E+02
C49613E400 W97923E+01 WUBULE=D3 W 19345E+01 12204E402
«52984E+00 2 9778BUE+OY «52308E=03 e 20359E+01 «12891E+02
«S63BYE+00 W97641E+01 «SS5614E=03 s 21420E401 +13604E402
«S9827E+0O W9TUSGE+OY +58160E=03 «22528E+0) ,143U6E+02
«b3300E¢00 «STIUBESOY «S53797E=03 «23687E+0} «151106E+02
,66B08E+0( W97198E+01 “,98472E=03 W2UBGSE+0] ,15915E+02
«T0351E400 W97046E+0] w,61374E=03 126157E+0} «10TUDE+02
0 73930E+00 «F6RG2E$0Y w,72091E=03 «2TUTIE+OL «17605E4+02
o TT54UES00 «96755E+01) »,79506E=03 «2BBUOE+OL o, 18UQ7E+02
«B81194E400 «SBUSIESOL «,57918E=03 0 30263E401 . 19422E+02
BUBBLIESOU «96283E+01 ®,36024E=03 W J1TU3E+O] W20379E+02
,8B60U4E+U0 L98271E+01 *,38U99E=03 0332748401 «2137VE+02
+92365E+00 «FONITESOY «,37987E=03 e SUBBIE+UY 2 22397E402
«96164E+00 s 959U1E+ 0 -, 35825Ew03 2 36511E+01 2346VE+V2
«10000E+01 W9S57RSE+01 »,32303E«03 + JB219E+0 2 CHSS9E+0R2

15



TABLE I.- Concluded

(f) Blunt body; & = 4.28
n b1 1 hy,2 h2,2 h3,3
0, »11203E+02 226U13Ew02 o 10913E+01 »JUBBUE+D]
28748E=0} o 11199E+02 «28560E=02 o 12241E+01 W16167E4U}
2S7784EwO] «11193E402 | .33395E=02 + 13649E+01 s 17527E+01
WB87110E=0Y W11195E+02 «37638Em02 W1513BE+01 W 18968E+01
«11673E400 W 11194E+02 W67931Em02 W 16T11E401 J20U9LE+DY
C1Ub6UE$00 «1118BE+02 2 32156E=02 «18362E+04 4 22098E+01
W 17686E400 W11187E402 U49259E=02 +20100E+01 «23793E404
«20738E+00 J11186E+402 | ,47386Ew=02 121917E+01 4 2557T9E+01
«23820E400 »11186E+02 WU6T2UE®02 23821E+01 2TUSBE+UY
2 26933E400 JJ11185E+02 WH46309E=02 «25812E+01 W 29U33ES0LY
230077E4V0 o 1118SE+02 W46268E=02 227892E+01 +31507E+0}
. 33252E400 +11185€+02 J46T10E=02 +30064E+01 . 33683E+01
w36460E+00 «111BSE+02 W4TT1TE=02 0 32330E4+01} 0 35965E+UY
«39699E400 «11185E402 «U9350E=02 «3U692E+ 0} +38355E+01
W429TIESCO «11186E+02 «52630E=02 0 37153E+01 LU0BSOE+0]
JUBRTHE+00 J11181E+02 o« T6549E=02 +39721E+01 L43473E+0)
LJ49613E400 11221E402 «7BU49E=O2 WU42393E+01 WU6206E+01
«52984E+00 «11221E+02 80243E=02 W 4S18BUE+OY dH49068E+0
«56389E400 »111B0E+02 «85494Em02 JUB1OVE+OL +52048E+01
J59827E+00 ,111BU4E+02 162666E=02 «S1137E+01 +55156E+U1
J63300E400 L11183E+02 268510E=02 »54287E+01 W 58397E+01
«6680BE+00 «11182E+02 +68398E=02 +57556E+01 WO1TTHUEHOY
W 70351E400 W 11181E+02 .69349E=02 2 609UTE+OL «65290E+01
o 73930E400 «11180E+02 «70617E=02 W64U63E+0L s 68950E+0)
LTTSUUES00 »11180E+02 «77385E=02 «6B10TE+0} +7T2758E+01
CB1190E00 W 11179E+02 +78999E=02 «71878E+01 WTOT17EH0Y
LBUBBIE400 J11179E+02 2»R0783E=02 «T5T84E+01L «80833E+01
.BBOOUESF00 «1117BE+02 CB2004EmOQ o 79828BE+01 +85109E+01
«92365E+00 «11178E+02 «8S4USE=02 2BU016E+0] «8955SUVE+0}
296164400 W11178E+02 «B8303Em=02 «8B8351E+401 F4161E40L
L10000E+01 J11177E+02 «91693E=02 292839E+01 CJ9B9USE+0]
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TABLE II.- COORDINATE LINE SLOPES

(a) Ellipse

£ =1.34 £ =3.72
n

(dy/dx) -1/(dy/dx)£ (dy/dx) y, -1/(dy/dx) g
+CBTUBE=01 «20326E400 o 19924E400 «91493E+00 J89U4T72E+00
e 5778dEm0 Y 223216E400 2 22923E400 «91737E+00 +90105E+00
B87110Em=01 e256HIEFVO W 2S4T73E40O0 «93828E+00 «9234BE+00
«11673E+00 +2TBUTESVO +2T68UE+00 « FO69TUELOV «95540E+00
s LUBBUESOD 2 29THBE+NO c29632E+00 s10069E+01 29931 7E+00
«176B6E+D0 o 31S519E+00 «31387E+400 210481E+01 +103UbE+0}
1 2073BE+00 «33129E+00) «33012E+00 J10911E+0} +107R2E+01
«23820E+00 «JUSBEE+GU «3USL0E+00O «11360E+01 | ,11231E+01
e26933E+00 +3598BE400 «35911E+00 2 11819E401 J11690E+01
«30077E+00 2 37314E+00 «e3TR24UE+0O0 e 12284E+01 212159E+01
«33252E+00 o IB857TE+00 1 3IBS13E+00 012763E+01 «12631E+01
W J0U460E+00 «I9THBESOO 0 39728E400 W 13236E+401 +13100E+01
s 39699E+400 WyUO09SSESDD JUNBGFESOU 013711E+01 «13570E+01
«42973E400 2U20B8E+00 H2032E+00 LJU1B2E+01 +1UCUIE+0QY
W 462T6E+00 WJHUILBUESOO W43133E+00 e 1U662E+01 S1US14E+0)
W49613E400 JUUPSTES GO dHU420BE+00 o1514SE+0)] | 14991E+0!
«52984E+00 «4S308E+00 4B 259E+00 W 15632E¢+01 2»154T70E+0])
«S63IBQES00 2UBIUOESQC «U6292E+00 e16123E+01 . 15953E+01
«59827E+400 s U73SSE+00 «47308E+00 0 16620E401 Ji6441E+0!
+63300E400 +U483SRE+00 «4B311E+00 «1T121E+01 «16933E+01
2068UBE+00 LUOBUBE$00D «U49302E+00 «17629E+01 L17430E+0Y
«T0351E400 «S0329E+00 +S0283E+00 e JBIUIESFOY W1T7933E+01
«73930E+00 «S1302E+00 «51255E+00 «1B66UE+0Q] L1B84U3E+D]
e TTSUUES00 WS52269E+00 «52221E400 W19193E401 «18960E+01
2811945400 +53230E+00 +S3181E+00 2 19730E+01 »19484E+0!
+8UBBLE+0O oSULIBGE+QO WS54136E+00 «20276E+01 20017E401
+88604E+00 «5S513QE+00 +SS50BTE+00 «20832E+01 2 20558E+01
2 92365E400 «S60B9E+0V «S6035E+00 «21368E+01 ,21108E+01
0 96164E400 2 5709SE+00 2 56995E400 W21974E+UY «21668E+0])
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TABLE II.- Continued

(b) Sphere
£ = 0.823 £ = 2.07
n ' -

(dy/dx)n -1/(dy/dx)g (dy/dx) p, -1/(dy/dx)E
12874BEmU] | #10821E40) «10799E+01 | L1B585E+01 | | 18422E401
257784E=01 o 10823E+01 2 10801E+0} oIBSBIE+0L | _18419E+01
287110E=0} «10825E+01 «10802E+01 o 18582E+01 | _18u16E+01
s 11673E400 o1 0826E+0} 2 10804E+0Y « 18580E+01 ,18413E+401
s JUBOUES OV e 10828E+0 4 2 1080SE+O] « 18S7BE+0Y J1BULOE+0]

.176665*00
o 20738E+00
2 23820E400
«26933E+00
«30077E+00
¢ 33252E+00
s J6L60E+00
e 39699E+00
«42971E+00
462THEF0O
«+49613E400
«52984E+00
2 S6389E+00
«59827E+00
2 63300E+00
206808k4+00
o TO3S51E+00
e T3930E+00
o T7T544E+ 00
+8119U4E400
+BUBBIE+00
+BB60LE+0O
+9236SE+00
296164E+00

«10830E+0}
«10831E+0Y
o 10B832E+01
e 10834E+01
« 10B3ISE+0
e JOB3I6E+OY
»10B37E+01
«10B38E+0
o 10839E+0}
s 10840E+01
«108U41E+01
2 10842E+01
+108U3E+DY
<10BULE+OY
«JOBUSE+O}
«J0BUGE+O]
«10BUTE+CY
+10BUBE+OY
«108B4d9E+01
«10849E+01
«10BSOE+01
o J0B51E+01
+ 10852E+01
«10852E+01

2 10807E+0}
2 10B08E+01
+J0B09E+01Y
J10B11ERDY
+10812E+01
2 10813E+04
Ww10814E+01
¢10815E+01}
«108B16E+01
s 10817€E+01
«10818E+01
«10819E+01
2 10B20E+01
+10821E+01
o 10822E+04
«10823E+01
«JOB23E+DY
«10BRUE+D]
+10825E+01
s 108B26E+01
«1082T7TE+0}
«10827E+01
«10UB28E+0]
+ 10829E+01

«18577E+01
»18575E+01
«18574E+0}
e 18573E+01
o 1BSTLE+OY
«18570E401
o 18568E+01)
o 18567E+01
« 18566E+0
«1B568E+0
o 18563E+01
e 185628401
o 185b61E+01
« 18560€+01
+ 1BSS8E+01
W 18557€E+01
+18556E+01
« 185SSE+01
« 1B554F+01
o 1B5S53E+01
»1B552E+401
«18551E+01
« 18550E401
« 1854BE+01

JIBU0TE+0Y
«18BU40SE40Q
«18402E+01
o 1B4Q0E+0L
o 1839BE+01
o+ 1B8396E+0]
»18394E+01
2 18392E401
s 18390E+0Q1
«1BIBRE+O0Y
218386E+01
,18385E+01
,18383E+01
,18381E+01
+18380E+01
,18378BE+01
«18377E+01
«18375E+01
L 1B374E401
o 18372E+01
«18371E+01
»18370E401
«1836BE+01
»1836TE+01
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TABLE II.- Concluded

(c) Blunt body

£ = 0.791 £ =4.28
n

(dy/dx) ~1/(dy/ax) ¢ (dy/dx) p, -1/(dy/dx) ¢
W2BTUBE=O] ST241E400 «57270E400 «159UUE+OY L1569SE+01
J57784Eel} «95983E+N0 «S8977E+00 «16759E+01 . 19521E+401
+87110E=0} «SUTSTESVO «SUTTHEFOU s 158G0E+0} « 153656401
«116T3EH00 »53637E+400 «53652E+400 2« 15US9E+U] 152346401
W JUBOUEFGO «52579E+00 «52591E+00 «15290E+01 o 15107E+04
¢ 17686E400 «S15T4ESVO «S1583E+00 «15158E+401 ,1U978E+01
o 20738E+00 «506185E+00 WS0622E+00 «15036E+U} L1UBELIE+OL
W23820E400 +U49696E+00 2U4Q701E+00 2 14922E+01 W1UTS2E+0Y
W 26933E400 JUBB12E+00 JUBBIUE+0Q0 L1UB1SE+01 LJlUBU9ESOY
J30077E400 JUTISBE+NO <4T9S9E+00 «14T1ISE+UY <1 4S52E+01
0 33252E+00 «UT131EH00 WJHUTLILE+OO s 1U4621E+01 « 14460E+01
W 36460E+00 c46329E+00 +H46328E+00 14532E+01 2 14373E401
,39699E 400 +4SSSO0E+UD L USSUTE+00 «14448E+01 C1U291E+01
JU429T1E+0D JHUTQIEHCO JULTBTE+DNO <J436BE+U] o 14213E+01
J46276E+00 JUUOSOEH0O JUUOUSE+0O <14300E+1} JIUTYLE+O
49613E400 «83327E+00 WU43321E400 «1U4228E40] o 14074E+01
«S2IBUESGO LU2620E+00 242613E+400 W 1U16SE+0) «1400TE+01
«S56389E+00 dU192BE+00 JH1921E400 o 1409RE+0Y 2 13941E+01
+59827E+00 «41251E400 JU1242E+00 «14023E+01 «13876E+04
:63300E+00 JUOSBTE+00 JHOSTEEH0O o 13960E+0 1Y LI13814E+01
«b6808E400 «39970E400 «39933E+00 «13900E+01 o, 1375S5E+01
» T0351E+00 «39332E+00 «39301E400 «13BUIE+O] «13698E+01
«73930E400 W 3IBT0UE+00 W 3R6T73E+00 13784E+0} L 1360436401
«TTSUUESQD «3B0BRBE+OU +IB0SSE+00 «13729E+01 s 13590E+0U
«BL1194E+00 « 3TUBLE+VO e 3TUS1EX00 e 13676E+01 «13S39E+01
+BUBBIE+0O s J6BBUE+QO s 36BSRE+00 o 1362UE+0] . 13UB9E+01
,8B004E+00 «36296E+00 ¢ 36269E¢00 «135TUE+OL «13440E+0Y
2923065E400 «35717E+00 « 35689E+00 2 13525E+01 «13392E+01
c9O0164ESVO e 3514TE+NQ «35118E+00 s 13UTHE+OL 2« 13346E0}
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TABLE III.- METRIC COEFFICIENT AS FUNCTION OF MESH SIZE

FOR 1.5:1 ELLIPSE

hy,} for coordinate mesh size of -
: 101 x 41 101 x 31 101 x 21 51 x 41 51 x 31 51 x 21
0 13.000 13.000 13.000 13.000 13.000 13.000
.159 12.996 12.996 12.996 12.996 12.996 12.996
317 12.567 12.568 12.570 12.581 12.581 12.583
.456 12.349 12.349 12.350 12.190 12.190 12.192
.635 11.842 11.843 11.846 11.750 11.750 11.753
.793 11.344 11.345 11.349 11.247 11.248 11.251
.872 10.796 10.797 10.831 10.668 10.669 10.673
912 10.302 10.303 10.324 10.137 10.138 10.742
1.031 9.857 9.858 9.862 9.686 9.686 9.690
1.189 9.555 9.556 9.597 9.366 9.366 9.369
1.348 9.414 9.414 9.432 9.239 9.239 9.241
1.507 9.453 9.453 9.454 9.315 9.316 9.317
1.666 9.583 9.583 9.584 9.524 9.524 9.525




Figure 1.- Body surface geometry.
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Figure 2.- Geometry of

body and outer boundary.
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Figure 4.- Calculation procedure for normal orthogonal link.



Figure 5.- Orthogonal coordinate system about 1.5:1 ellipsoid with
equal £ spacing.
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Figure 6.- Orthogonal coordinate system about 2:1 ellipsoid with
equal & spacing.



Figure 7.- Orthogonal coordinate system about 3:1 ellipsoid with
equal & spacing.
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Figure 8.- Orthogonal coordinate system about 3:1 ellipsoid with slightly
unequal & spacing.



Figure 9.- Orthogonal coordinate system about 3:1 ellipsoid with
unequal § spacing.
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Figure 11.- Orthogonal coordinate system about planetary entry body.
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Figure 12.- Orthogonal coordinate system about planetary entry body with
unequal n spacing.



Figure 13.- Orthogonal coordinate system about arbitrary body with
reverse curvature.
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Figure 14.- Orthogonal coordinate system about arbitrary body with reverse
curvature and unequal spacing in n direction.



Figure 15.~ Orthogonal coordinate system about 3:1 ellipsoid with displaced
outer boundary and unequal £ spacing.
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Figure 16.- Orthogonal coordinate system about planetary entry body with
displaced outer boundary and unequal n Sspacing.



Figure 17.- Orthogonal coordinate system on forebody of spheroid.
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Figure 18.- Orthogonal coordinate system on forebody of reverse curvature
conical body with unequal n spacing.



XZ

Figure 19.- Coordinate systems schematic.
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